17998 - The Journal of Neuroscience, December 12, 2012 - 32(50):17998 —18008

Cellular/Molecular

A Noncanonical Postsynaptic Transport Route for a GPCR
Belonging to the Serotonin Receptor Family
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Postsynaptic receptor trafficking plays an essential role in tuning neurotransmission and signal plasticity and has emerged as a
potential therapeutic target in neuropsychiatric disease. Using a novel application of fluorescence recovery after photobleaching
in rat hippocampal neurons, we examined transport from the soma to dendrites of seven G-protein-coupled receptors (GPCRs)
implicated in mood disorders. Most GPCRs were delivered to dendrites via lateral diffusion, but one GPCR, the serotonin 1B
receptor (5-HT,y;), was delivered to the dendrites in secretory vesicles. Within the dendrites, 5-HT ; were stored in a reservoir of
accessible vesicles that were recruited to preferential sites in plasma membrane, as observed with superecliptic pHluorin labeling.
After membrane recruitment, 5-HT,, transport via lateral diffusion and temporal confinement to inhibitory and excitatory
synapses was monitored by single particle tracking. These results suggest an alternative mechanism for control of neuronal activity

via a GPCR that has been implicated in mood regulation.

Introduction

Postsynaptic receptor trafficking has emerged as a major pathway
for regulation of signal efficacy, specificity, and plasticity in neu-
rons (Park et al., 2004; Heine et al., 2008; Makino and Malinow,
2009). Many recent studies have emphasized the importance
of lateral diffusion as a major transport pathway for postsyn-
aptic receptors (Serge et al., 2002; Triller and Choquet, 2003;
Jacob et al., 2008). Recycling between the plasma membrane
and the cytosol has been examined for most well characterized
postsynaptic receptors. The determinants of postsynaptic re-
ceptor trafficking have become promising targets of neuro-
pharmacological drugs (Beattie et al., 2010; Kristiansen et al.,
2010; Thorsen et al., 2010).

Trafficking of postsynaptic G-protein-coupled receptors
(GPCRs) has received relatively little attention despite their
importance as drug targets and modulators of cell responses to
external stimuli. Few GPCR trafficking studies have demon-
strated translation or recycling processes in dendrites (Morin-
ville et al., 2003; Arttamangkul et al., 2008; Ramirez et al.,
2009), whereas a majority describe transport mechanics in cell
lines or limited within neuronal cell bodies (Schmid et al.,
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2008; Yu et al., 2009; Fichter et al., 2010). It is still unclear how
GPCRs are transported into the dendrites. Most GPCRs are
generally believed to translocate to the membrane via the un-
regulated, secretory pathway in the soma and are ultimately
modulated through local sensitization and recycling in
dendrites.

Advancements of imaging techniques such as photoactivat-
able (Patterson and Lippincott-Schwartz, 2002) and pH-sensitive
(Miesenbock et al., 1998) proteins and quantum dot (Dahan et
al., 2003) labeling allow selective imaging of discrete protein pop-
ulations, vesicle exocytosis, and trafficking of individual protein
molecules, respectively, in living neurons. Such tools provide in-
sight into regulation mechanisms and will likely be instrumental
for identifying novel modulators of postsynaptic receptor trans-
port. In this study, we used these imaging techniques to investi-
gate whether postsynaptic GPCRs involved in affective and
schizoaffective disorders have a common means of incorporation
into the diffusing membrane pool or whether there exist special-
ized trafficking routes. We examined the trafficking of seven
GPCRs commonly implicated in schizophrenia and depression
(Scott et al., 2006; Svenningsson et al., 2006; Navinés et al., 2008;
Kruusmigi et al., 2009; Sourial-Bassillious et al., 2009; Warner-
Schmidt et al., 2009; Glantz et al., 2010) from the soma to the
dendritic tree by confocal microscopy and adaptation of fluores-
cence recovery after photobleaching (FRAP) (Jacobson et al.,
1976). Dendrite delivery commonly occurred via plasma mem-
brane lateral diffusion with the exception of the serotonin 1B
receptor (5-HT, ), which was transported from the soma to the
dendrite in vesicle aggregates and delivered to the dendritic
plasma membrane via exocytosis of these storage vesicles. The
identification of a noncanonical postsynaptic transport route for
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GPCRs may open new opportunities for targeting receptor avail-
ability and activity.

Materials and Methods

Cell cultures and transfection. Hippocampal neurons were cultured from
embryonic day 18 Sprague Dawley rat embryos. Hippocampi were re-
moved and washed in HBSS with 20 mm HEPES (Sigma-Aldrich), fol-
lowed by incubation in 0.25% trypsin for 10 min at 37°C, and dissociated
by pipetting in Minimum Essential Medium (MEM). Cells were seeded
at a density of ~5 X 10*/cm? onto glass coverslips coated overnight at
37°C with 80 ug/ml poly-pL-ornithine (Sigma-Aldrich). Seeding me-
dium contained MEM with 10% horse serum, 2 mum L-glutamine, and 1
mu sodium pyruvate (Sigma-Aldrich). After 3 h, the medium was re-
placed with Neurobasal medium containing 2% B27, 2 mM L-glutamine,
and 1% penicillin/streptomycin (Sigma-Aldrich). Half the medium vol-
ume was changed twice per week and replaced with Neurobasal medium
containing 2% B27 and 1% penicillin/streptomycin. HEK293 cells were
cultured in DMEM with 2 mM L-glutamine, 1% nonessential amino ac-
ids, and 10% fetal bovine serum. All media components were from In-
vitrogen unless stated otherwise. Neurons were transfected after 12-14 d
in culture with Lipofectamine 2000 (Invitrogen), and cell lines were
transfected with ExGen 500 (Fermentas), all according to the manufac-
turer’s recommendations. Transfected cells were imaged or analyzed be-
tween 24 and 48 h after transfection.

Immunolabeling. For endogenous immunolabeling, cells were washed
briefly with HEPES-buffered saline (HBS). Cells were fixed by incubation
in a 4% paraformaldehyde, 0.01 M PBS, pH 7.4, solution for 5 min at 4°C
followed by 10 min at 20°C. Endogenous 5-HT,; immunolabeling was
performed using a tyramide signal amplification immunohistochemical
protocol as described by Stani¢ et al. (2009) with the following modifi-
cations: the primary antibody was anti-5-HT, (1:8000; AbNova), the
blocking time was 1 h, the secondary antibody used was a goat anti-
mouse/horseradish peroxidase-conjugated (1:500; Dako) antibody, the
incubation time was 1 h, the FITC conjugate was diluted 1:400, and glass
coverslips were mounted using Immu-mount (Thermo Fisher Scien-
tific). For live-cell surface labeling of HA-5-HT,y, transfected cells were
incubated in HBS with a primary anti-hemagglutinin (HA) antibody
(1:500; Invitrogen) for 10 min at 20°C. Cells were washed briefly five
times with HBS to remove excess antibodies and were imaged directly.
For intracellular HA labeling, cells were fixed (as above), membrane
permeated with 0.2% Triton X-100 (Sigma-Aldrich) for 10 min at room
temperature, and stained as mentioned above for the anti-HA antibody.

Construct design. C-terminal labels were generated by PCR amplifica-
tion of each receptor cDNA (m5-HT,;, h5-HT,,, h5-HT,, rD,) and
insertion into the pEGFP-N3 vector. EGFP was replaced with Venus,
YPet, mCherry, TagBFP (Evrogen), or photoactivatable green fluores-
cent protein (PAGFP). D, and D5 construct designs were reported pre-
viously (Scott et al., 2006; Kruusmagi et al., 2009). The HA-5-HT
construct DNA was generated by inserting oligonucleotides coding for
the HA tag (MYPYDVPDYA) at the N terminus of 5-HT, ;. The super-
ecliptic pHluorin (SEP)-5-HT, ; construct DNA was generated by insert-
ing the SEP coding sequence surrounded by flexible linkers (GGGGGS)
into the third extracellular loop of 5-HT, ;; (between amino acids 338 and
339). To verify that 5-HT, ; fusion proteins did not alter normal expres-
sion or function of the receptor, terminally and internally tagged recep-
tors were assessed for proper translocation and adenylyl cyclase
inhibition, measured with a cAMP assay. [Fusion did not prevent recep-
tor activation, and inhibition of forskolin (10 uMm for 90 s) induced cAMP
production in cultured HEK cells. A specific 5-HT1B agonist (CP93129,
1 mMm for 90 s; Tocris) was used for receptor activation.] Clathrin and
caveolin were generated by PCR amplification from cDNA and insertion
into TagRFP-C and TagBFP-N vectors (Evrogen), respectively. TagRFP-
Rab constructs were generated by RT-PCR amplification of each rat Rab
cDNA followed by insertion into the pTagRFP-C vector (purchased from
Evrogen). The RFP-Gephyrin construct was a gift from Dr. Antoine
Triller (INSERM, Paris, France), and PAGFP was a gift from Dr. Jennifer
Lippincott-Schwartz (NIH, Bethesda, MD). The mGluR5-Venus con-
struct was provided by Dr. Hong Wang (The Rockefeller University, New
York, NY). All generated constructs were confirmed by sequencing anal-
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ysis. Amplified DNA was purified with the endotoxin-free PureYield
Plasmid MidiPrep System (Promega).

Cell imaging. Confocal imaging was performed on an inverted Zeiss
LSM 510 microscope with 40X (1.2 NA, water) or 63X (1.4 NA, oil)
objectives. Emission was induced with argon laser lines at 458, 488, and
514 nm for cyan, green, and yellow labels, respectively. TagRFP was
excited by a 561 nm diode laser. PAGFP was photoactivated with a 405
nm diode laser at 100% and 150 us pixel dwell time over 10 iterations.
Single-particle tracking (SPT) experiments were performed on an in-
verted Zeiss Axiovert 200 with a 63X (1.4 NA, oil) objective equipped
with an Andor iXon+ 897 EMCCD camera and an HBO 100 arc lamp
with 30% illumination intensity. The QD-655-B filter set was used for
quantum dots (QDs); the GFP-3035B filter set for GFP/SEP; BFP-A-
Basic for TagBFP; and excitation filter FF01-543/22, dichroic mirror
FF562-DI03, and emission filter FF01-593/40 for RFP (all filters from
Semrock). Cells were imaged during perfusion with HBS (in mm): 110
NaCl, 137 NaH,PO,, 84 NaHCO;, 10 glucose, 20 HEPES (Sigma-
Aldrich), 75 KCl, 147 CaCl,, and 203 MgCl, (Merck) at pH 7.4 at 37°C.
High-potassium HBS solutions were made by replacing 50 mm NaCl with
an additional 50 mm KCI. Confocal images were analyzed and quantified
with the ImageJ software (http://rsbweb.nih.gov/ij/). Surface plots were
generated with the Image] surface plot analysis tool. Confocal scans and
image sequences were processed with a median filter to minimize ran-
dom background noise. To approximate the distribution of each recep-
tor, we estimated the ratio of dendrite core intensity to plasma
membrane-associated intensity (0.36 wm from the membrane) for den-
drite branches of ~1 wm thickness. Cluster densities were quantified
after detecting local maxima in the dendritic lumen with intensity 2.5
times that of average foreground pixels. Association ratios were quanti-
fied by a minimum of 50% overlap of 5-HT, ; with the respective coex-
pressed proteins after setting thresholds for cluster isolation.

Fractionation. Hippocampal tissue was dissected from 40-d-old male
Sprague Dawley rats after decapitation and immediately frozen on dry
ice. The tissue was homogenized in 8 vol of homogenization buffer con-
taining 300 mm sucrose, 25 mm imidazole, 1 mm EDTA (Sigma-Aldrich),
and Complete protease inhibitors (Roche Diagnostics) at pH 7.2. Frac-
tionation of the homogenized tissue, adapted from Dunah and Standaert
(2001), was performed in three centrifugation steps: 1000 X g for 10 min
(discarding pellet); 17,000 X g for 30 min (pellet retained for membrane
fraction); and 100,000 X g for 60 min (pellet and supernatant retained for
vesicle and cytosol fractions, respectively). Twenty to forty micrograms
of total protein from each fraction was resolved by SDS-PAGE, trans-
ferred onto polyvinylidene difluoride membranes, and blotted with anti-
5-HT, (1:500; Imgenex), anti-D, (1:500) reported previously (Brismar
etal., 1998), and anti-NKAa3 (1:1000; Affinity Bioreagents) antibodies.

Immunoprecipitation. Hippocampal tissue was dissected from 40-d-
old Sprague Dawley rats and kept in ice-cold RIPA buffer containing 50
muM Tris HCl, pH 7.4, 50 mm NaCl, 1 mm EDTA, 0.5% sodium deoxy-
cholate, 0.5% Nonidet P-40, and protease inhibitors (Roche Diagnos-
tics). The tissue was homogenized and centrifuged at 9000 X g for 20 min
at 4°C. Supernatant protein concentration was measured by DC protein
assay (Bio-Rad). Tissue lysate was subject to immunoprecipitation as
described previously (Khan et al., 2008). Antibodies used for precipita-
tion were as follows: anti-Gephyrin (Synaptic Systems), anti-PSD-95
(Affinity Bioreagents), anti-Homer (Santa Cruz Biotechnology), and
anti-5-HT,; [mouse (AbNova) and rabbit (Santa Cruz Biotechnology)].
Concentrations used for immunoblotting were 1:500 for anti-Gephyrin
and anti-5-HT, .

Single-particle tracking. For SPT experiments, dissociated neurons
were cultured at a density of 1.05 X 10%/cm 2 Cells were transfected with
5-HT,-SEP, PSD-95-BFP, and RFP-gephyrin at days 20 and 21 in cul-
ture with Lipofectamine 2000. After 48 h, coverslips were washed once
with HBS and incubated with biotin-conjugated anti-GFP antibodies
(0.2 ng/ml; Rockland Immunochemicals) for 5 min in HBS. After three
brief washes with HBS, cells were incubated with QD655 streptavidin-
conjugated quantum dots (0.5 nMm[scapr]; Invitrogen) for 1 min in QD
binding buffer (Bannai et al., 2006). Cells were then washed briefly 10
times with HBS and immediately imaged up to 30 min after completion
of labeling. After acquiring synaptic images, QD images were recorded
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with a frequency of 20 Hz for 50 s. All labeling, washing, and recording
steps were performed at 37°C. Custom Matlab software was used to
identify and trace the QDs. Subpixel accuracy (~10-20 nm resolution)
was achieved by fitting a two-dimensional Gaussian function to each
identified QD in every image frame (Gelles et al., 1988). Mean square
displacement (MSD) curves were calculated from the particle trajectories
(Saxton and Jacobson, 1997). Trajectories with <<30 positions were re-
jected. Synaptic regions were defined as circular regions with a radius of
250 nm, centered on a synaptic cluster. Initial diffusion coefficients were
calculated by fitting a straight line to points 2 through 5 (interval, 50-200
ms) of the MSD curve (Bannai et al., 2006). Cumulative frequency dis-
tributions were calculated from the individual diffusion coefficients.

Statistics. Statistical significance of paired differences for small samples
or discontinuous data was verified by a nonparametric Wilcoxon signed-
rank test. Significant differences between three or more groups was ver-
ified by one-way ANOVA, followed by a post hoc multiple comparison
with a Bonferroni correction. Significance for two normally distributed
groups was verified by the two-tailed ¢ test. Data presented in boxplots
represent median value, 25-75% inner quartile range, and minimum to
maximum range (whiskers).

Results

Diverse pathways for GPCR transport from soma to dendrites
Seven GPCRs [the dopamine 1 receptor (D), the dopamine 2
receptor (D,), the dopamine 5 receptor (Ds), the serotonin 1A
receptor (5-HT,,), 5-HT 3, the serotonin 4 receptor (5-HT,),
and the metabotropic glutamate type 5 receptor (mGluR5)] have
been examined for their ability to transport in the dendrites either
via lateral diffusion in the plasma membrane (Fig. 1A, orange
path) or in vesicles within the dendritic lumen (Fig. 1A, green
path). We first assessed transport of fluorescently labeled recep-
tors by recording FRAP in dendritic branches of cultured hip-
pocampal neurons (Fig. 1A, blue box). This method is well suited
for the documentation of diffusion, and the geometry of the den-
drite makes them particularly well suited for FRAP studies. FRAP
recordings are presented as kymographs, each generated with a 3
pixel line width along the middle of the dendrite (Fig. 1B). All
GPCRs were transported by diffusion in the plasma membrane,
seen as a gradual fluorescence recovery after bleaching. An ad-
vantage of kymograph representation of FRAP recordings is si-
multaneous visualization of membrane diffusion and transport
of receptor clusters, the latter appearing as slanted lines on the
kymograph. FRAP recordings of D,, D,, D5, 5-HT 4, 5-HT,, and
mGluRS5 resulted in little or no detectable cluster movement. In
contrast, the 5-HT ; FRAP recordings showed a combination of
membrane diffusion and transport in dense intracellular clusters
(Fig. 1B, white arrows), compatible with vesicular trafficking.
Analysis of the FRAP intensity curves supported the notion that
5-HT,, in contrast to the other GPCRs studied, is also, to a large
extent, transported via an intracellular route (Fig. 1C).

We next examined whether the intracellular 5-HT,; clusters
in dendrites had been delivered from the soma by performing
time-lapse recordings at the soma/dendrite junction (Fig. 1A, red
box). Kymographs of time-lapse recordings revealed that the
dendritic 5-HT,  clusters were delivered from the soma (Fig. 1D,
white arrows). Recordings of the other six GPCRs showed little or
no cluster export from soma to dendrite. For additional evidence
that the dendritic 5-HT, is delivered from the soma in intracel-
lular clusters, we labeled the receptor with PAGFP (Patterson and
Lippincott-Schwartz, 2002). After photoactivation of 5-HT, g in
the soma, we detected transport of discrete receptor clusters in
the dendrites (Fig. 1E).

Liebmann et al. e Noncanonical Postsynaptic Receptor Transport

Storage of 5-HT, in intracellular dendritic reservoirs

The dendritic expression of fluorescent D,, D,, D5, 5-HT\,,
5-HT, 5, and mGluR5 is shown in representative dendrite images
(Fig.2A).D,, D,, D5, 5-HT 4, 5-HT, and mGlIuRS5 displayed high
intensity localized to the plasma membrane, whereas 5-HT, ; was
localized extensively in clusters throughout the dendrites. The
cytosol-to-membrane ratio of 5-HT, (0.76) was at least 50%
greater than all other receptors (Fig. 2B, light gray). Quantifica-
tion of intracellular cluster density also showed a distinct differ-
ence between 5-HT,; and the other GPCRs (Fig. 2B, dark gray).
The 5-HT cluster density (20.7 = 1.0/100 wm, mean * SEM)
was at least 7 times greater than densities of all other examined
receptors. Sporadic membrane-associated clusters were seen with
D,, D,, D5, 5-HT,,, 5-HT,, and mGluRS5, likely attributed to
receptor confinement at the postsynaptic density (Scott et al.,
2006; Renner et al., 2010).

Each estimate of the 5-HT, cytosol-to-membrane ratio is
likely an underestimate as a considerable number of clusters are
transported near the surface of the plasma membrane. To more
accurately measure the receptor distribution, we generated an
expression system with 5-HT,; tagged with pH-sensitive SEP.
Expression of SEP in the vesicle lumen results in fluorochrome
quenching (no fluorescence) attributable to the acidic environ-
ment (Miesenbdck et al., 1998; Burrone et al., 2006). Exocytosis
changes the SEP environment from the acidic vesicle lumen to a
more neutral extracellular environment, thereby enabling fluo-
rescence of membrane-inserted receptors. By comparing surface
expression of 5-HT, ;-SEP with fluorescence of alkalinized vesi-
cles, we directly measured a cytosol-to-membrane ratio of 2.0 *
0.2 (mean * SEM) in dendrites of cultured neurons (Fig. 2C).

The appearance of the 5-HT ;; clusters is suggestive of vesicu-
lar expression, but to rule out expression artifacts, a series of
control experiments were carried out. To address a possible arti-
fact caused by overexpression of exogenous receptors, we consid-
ered the variation of expression levels within individual neurons.
No significant difference in expression pattern was seen between
neurons with low and high expression of fluorescently labeled
5-HT,; (Fig. 2D,E). Vesicle-like expression and trafficking of
5-HT,; was seen as early as 5 h after transfection, also supporting
the conclusion that 5-HT,; clusters are not an artifact of overex-
pression. The dendritic appearance of fluorescently labeled
5-HT, was also compared with endogenous 5-HT, ; immunola-
beling. After membrane permeabilization, clustered immunore-
activity was seen in the dendritic lumen (Fig. 2F). Endogenous
receptor clusters were similar to expressed fluorescent receptors,
both in cytosol-to-membrane ratio (0.8 = 0.03, mean *+ SEM)
and receptor cluster density (18.3 = 1.1/100 wm, mean * SEM).

To confirm that fusion of a fluorescent protein to 5-HT, ; did
not disrupt normal trafficking, we expressed the receptor with a
small HA tag at the N terminus. Surface labeling without mem-
brane permeabilization resulted in diffuse immunoreactivity
without dendritic clusters (Fig. 2G). Immunolabeling after per-
meabilization resulted in an intracellular cluster density of 22.4 =
3.8/100 wm (mean * SEM) (Fig. 2H), similar to fluorescent
protein labeling and endogenous expression. Fractionation of
adult hippocampal tissue provided further evidence for a pre-
dominant vesicular expression of 5-HT; as compared with the
more membranous distribution of D, (Fig. 2I) and a reference
protein principally found in the plasma membrane, Na,K-
ATPase a3. Together, these observations suggest that 5-HT,; are
abundantly expressed in intracellular vesicular complexes in
agreement with previous ultrastructural results (Peddie et al.,
2008, 2010).
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Figure 1.  Two routes exist for GPCR transport from the soma to dendrites. 4, Schematic diagram of two possible paths from the soma to dendrites. The orange path shows membrane insertion
at the soma followed by diffusion in the plasma membrane to dendrites. The green path shows vesicle delivery from the soma to dendrites and subsequent exocytosis at the dendritic membrane.
B, Kymographs showing FRAP recordings of a dendrite fragment of a primary hippocampal neuron (A, blue box) for the indicated fluorescently labeled GPCRs. The kymographs represent 300 s
recordings of 20 um dendrite fragments (10 um bleached) with an acquisition frequency of 0.4 Hz. Note the transport of 5-HT,g in discrete clusters. €, Intensity curves of representative FRAP
recordings. The curves represent recovery of the entire 10 m bleached region (green box in diagram) and a localized T um region within the bleached dendritic shaft (blue boxin diagram). Intensity
peaksin the blue 5-HT, curve result from vesicle transport through the recorded region. D, Kymographs of time-lapse recordings of 30 .um regions at the soma/dendrite juncture (4, red box). Scans
were acquired at 1Hz. for 100 s. Note the anterograde trafficking of 5-HT, g clusters from the soma (left, outside of margin) to the dendrite. E, Transport of 5-HT, g-PAGFP from the soma to dendrite.
The neuron is filled with TagRFP. The green box denotes the photoactivated area of the soma. The white rectangle was magnified on the right panel at different times. Scale bar, 20 m.

Active transport of dendritic 5-HT, in secretory vesicles compared localization of 5-HT,y clusters with multiple vesicle
Results from the above FRAP and photoactivation experiments  markers from the Ras-related family of accessory proteins (Sten-
suggest that the mobile intracellular 5-HT, ; clusters are vesicular ~ mark and Olkkonen, 2001). We detected only a moderate associ-
complexes. To identify types of vesicles transporting 5-HT, 5, we  ation with Rab4a, Rab5a, and Rablla (average of 22%), three
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Figure2. 5-HT,gresidesinthe dendrite lumen of hippocampal neurons, whereas other GPCRs are more abundant in the plasma membrane. A, Magnified confocal scan of dendrite fragments with

fluorescent labeling of indicated GPCRs. High membrane expression (white arrows) is seen for all receptors except for 5-HT 5. Clusters seen with D,, D, D5, 5-HT, ,, 5-HT,, and mGIuR5 are membrane
associated and in spine-like protrusions. Scale bar, 10 wm. B, Quantification of cytosol to membrane ratio (light gray bars) and cluster density (dark gray bars) (n = minimum of 6 dendrites). C,
Confocal image of 5-HT,5-SEP expression in dendrites and quantification of response to pH changes. A concentration of 40 mm NH,Clin HBS was used to alkalinize vesicles and enable fluorescence
of eclipsed molecules. Quantification s relative intensity (mean % SEM; n = 7 dendrites from 3 different cultures). Scale bar, 10 um. D, Images of dendritic 5-HT, 5 in cells expressing high (top) and
low (bottom) total fluorescence. Detection settings are identical between cell scans. Scale bar, 20 wm. E, Optimized scan settings for each expression level show no significant difference between
5-HT, g cluster densities. Scale bar, 5 wm. F, Clustered immunoreactivity of endogenous 5-HT, in dendrite. Scale bar, 10 wm. G, Live-cell immunolabeling of HA-tagged 5-HT,; in the plasma
membrane. Scale bar, 10 um. H, Inmunolabeling of HA-tagged 5-HT, 5 in dendrite after permeabilization. Note the presence of pronounced clusters. Scale bar, 5 im. /, Subcellular fractionation of
5-HT, and D, from 40-d-old rat hippocampi. The catalytic &3 subunit of the sodium-potassium pump was used as a plasma membrane marker. T, total fraction; M, membrane fraction; V, vesicle

fraction; C, cytosol fraction. **p < 0.01; ***p << 0.001.

accessory proteins involved in endocytic and recycling processes;
and a prominent association with Rab8a (44%), an accessory
protein involved in trafficking of nascent proteins in vesicles
from the Golgi apparatus to the plasma membrane (Fig. 3A-F).
This suggests that a majority of the 5-HT,; complexes represent
Golgi-derived secretory vesicles compared with the small fraction
representing recycling or degradation-bound vesicles. 5-HT, 5
did not associate significantly with clathrin light chain (7%) but
considerably colocalized with caveolin (39%) (Fig. 3G), revealing
a caveolin-dependent turnover balancing the secretory release
(Pearse, 1976; Rothberg et al., 1992).

The observed variation of vesicle sizes (Fig. 3A—F) prompted
an investigation of possible aggregated vesicular complexes. We

selected an oblong vesicle ~1.1 wm in length (full-width half-
maximum) and assessed receptor diffusion within the cluster.
One edge of the cluster was bleached (Fig. 3H, blue box), and
intensity profiles were monitored for the bleached region and a
region at the opposing end of the cluster (Fig. 3H, red box).
Intensity profile curves reveal that there is no significant ex-
change of receptors within the cluster (Fig. 3H, bottom plot),
confirming the presence of multivesicular bodies or vesicular
complexes. In control conditions, frequency of vesicles transported
through a 10 wm fragment was 11.0 = 1.2/100 s (mean * SEM), and
maximum cluster velocity was estimated at 0.92 = 0.07 wm/s
(mean * SEM), as measured from kymograph trajectory slopes of
15 dendrites.
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(n = 4 dendrites for each treatment). *p << 0.05; **p << 0.01; ***p < 0.001.

To further elucidate the mechanism of transport for den-
dritic 5-HT,  in vesicles, we examined sensitivity to disrupted
polymerization of transport filaments. Disruption of micro-
tubule polymerization with nocodazole was found to fragment
the trafficking of discrete 5-HT, clusters (Fig. 3I). In con-
trast, actin disruption with latrunculin A had no significant
effect on 5-HT, trafficking (Fig. 3I'). We found that transport
of the 5-HT,j clusters in dendrites was highly dependent on
temperature (Fig. 3I). The number of transported clusters was
reduced after nocodazole treatment and temperature reduc-
tion to 32 and 44% of control, respectively (Fig. 31, light gray).
The average maximum velocity of moving vesicles was not
affected by nocodazole or latrunculin A, but temperature re-
duction retarded the speed to ~32% of control (Fig. 31, dark

gray).

Recruitment of dendritic 5-HT, to the plasma membrane

The finding that 5-HT,; are retained in intracellular vesicles
and that only a fraction is diffusing in the plasma membrane
indicates that the functionality of postsynaptic 5-HT is crit-
ically dependent on the regulated delivery to the plasma mem-
brane from vesicle stores. To study the regulation of stored
receptors and investigate the interaction between vesicles and
the plasma membrane, we used 5-HT,y tagged with pH-
sensitive SEP as a marker for vesicle fusion. To monitor deliv-

ery of 5-HT, from vesicle stores to the plasma membrane, we
performed time-lapse recordings on dendrites of neurons
expressing 5-HT 3-SEP. Exocytosis of vesicles containing
5-HT,;-SEP was characterized as an instantaneous increase of
local fluorescence greater than three times the mean mem-
brane intensity followed by subsequent intensity decay (Fig.
4A). Infrequent prolonged exocytotic events with peak inten-
sities sustained for >1 s before decay were discarded. The time
course of 5-HT  exocytosis was recorded as fluorescence de-
cay after vesicle fusion with the plasma membrane. The mean
fluorescence profile shows an abrupt increase in fluorescence
intensity followed by a rapid decay with a half-time of 640 ms
(Fig. 4B). Fluorescence loss indicates that receptors leave the
fusion site, which can occur either by lateral diffusion or im-
mediate internalization. Surface plots of single exocytotic
events show the initially confined fluorescence at the docking
site (Fig. 4C). Each subsequent plot shows spreading of recep-
tors into the surrounding membrane, suggesting lateral diffu-
sion as a means of dispersion.

For evidence of receptor diffusion from the docking site to
the surrounding membrane, we mapped each 5-HT,;-SEP
exocytotic event with two regions, one defining the initial
event area and the other defining the surrounding area (three
times the initial area). The total integrated intensity profile of
the inner region from one exocytotic event showed an abrupt
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Figure4. Vesicular5-HT,; are recruited to the dendritic plasma membrane. A, Time series of superecliptic pHluorin-labeled 5-HT;  (5-HT, 5-SEP) exocytosis in the dendrite of a cultured hippocampal neuron.
Scale bar, 1 um. B, Intensity profile of 5-HT,5-SEP exocytosis. The curve represents the intensity median == SEM of normalized events (n = 32). A sample recording region is indicated in the image inset. €,
Intensity surface plot of 5-HT; 5-SEP exocytosis. The 3D plot indicates intensity distribution of 5-HT, 5-SEP during exocytosis. During vesicle docking, receptors are confined to the incorporation site. Progressive
scans show depletion of receptors at the docking site and increased intensity in the surrounding membrane (compared with initial level). D, Lateral diffusion of 5-HT, ;-SEP. Blue and green curves representinner
and perimeter regions, respectively, of an exocytotic event, as seen in the example image insert. Note the time delay between the curve peaks. Peak times are indicated with dashed vertical lines.

increase in fluorescence, indicating vesicle docking, immedi-  during a fusion event (Fig. 4D, green curve), but there is a time
ately followed by an exponential-like decay until it settled ata  difference between intensity peaks of the two regions (Fig. 4D,
level slightly above the initial intensity (Fig. 4D, blue curve).  dashed lines), most likely caused by passive diffusion of
The intensity profile of the surrounding area also increased  5-HT, away from the site of exocytosis (inner area).
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Figure5.  5-HT g recruitment occurs at preferential extrasynaptic sites and is increased with K ™ stimulation. 4, 5-HT, ;-SEP exocytosis increased for eight of nine recorded cells after stimulation

with elevated potassium (50 mm K * for 30s). B, The event frequency increase was 0.012 = 0.005 um ~'min " (median = SEM) or 49% of prestimulation frequency. €, Immunoprecipitation
shows an interaction between 5-HT, and gephyrin. No interaction was detected between 5-HT,; and PSD-95 or Homer. Antibodies against each synaptic molecule were used to precipitate the
protein complexes. D, The precipitation sequence was reversed using two different 5-TH, ; antibodies to confirm an interaction between 5-HT,; and gephyrin. E, Fluorescent expression of 5-HT, 5
compared with inhibitory (gephyrin) and excitatory (PSD-95) synapse markers. Scale bar, 5 um F, Preferential sites of exocytosis. Maximum projections of 5-HT,5-SEP depicting exocytosis in
dendrites over 10 min recordings. Exocytotic events are designated with pluses (n = 334). Blue rings encircle events occurring within one typical event diameter (1 m) from an additional
occurrence. A total of 78 == 3% (mean == SEM) of events was found in preferential regions. Recording frequency was 2.0 Hz. Scale bar, 10 um. G, Exocytosis occurs outside of inhibitory synapses.
The image shows expression of 5-HT,5-SEP (green) and gephyrin (red) in hippocampal dendrites. Preferential exocytosis sites indicated with white circles overlap ~45% with gephyrin clusters.
Scale bar, 10 wm. H, Proximity of recruitment sites to inhibitory synapses. A boxplot of center-to-center distance between preferential recruitment sites and nearest gephyrin cluster (n = 44) is

shown. The measured distance of 1.00 == 0.17 um (median == SEM) suggests extrasynaptic recruitment. *p << 0.05.

5-HT, g recruitment is sensitive to membrane depolarization
Next we examined receptor recruitment in response to increased
synaptic activity. In cultured neurons, we induced action poten-
tial firing and neurotransmitter release by depolarizing the neu-
ronal membrane with elevated extracellular K™ concentration
(Wenthold, 1979) for 30 s. Stimulation increased 5-HT,-SEP
recruitment to the plasma membrane. Eight of the nine record-
ings showed an increase in exocytotic event frequency (Fig. 5A).
The paired frequency difference after stimulation was increased
0.012 * 0.005 um ~'min ~' (median * SEM), corresponding to
a 49% increase (Fig. 5B).

5-HT, are recruited to preferential extrasynaptic sites
To associate the response to increased activity with a synaptic
signaling domain, we looked for an interaction between 5-HT\
and synaptic scaffold proteins. Using coimmunoprecipitation
studies on tissue homogenates from adult rat hippocampi, we
detected an interaction between 5-HT  and gephyrin, the major
scaffolding molecule at inhibitory synapses (Choquet and Triller,
2003) (Fig. 5C,D). On the contrary, we found no interaction
between 5-HT,; and PSD-95 or Homer, the major neuronal ex-
citatory scaffolding proteins (Choquet and Triller, 2003) (Fig.
5C). We additionally examined localization of 5-HT ; clusters in
relation to both inhibitory and excitatory synaptic sites. 5>-HT1B
clusters were not located at either excitatory or inhibitory syn-
apses (Fig. 5E).

Because spatial organization of proteins in the dendrites is a
major determinant of cellular function, we explored the idea of

preferential exocytosis at in the dendritic membrane. Recurring
exocytosis is expected at presynaptic terminals (Gaffield et al.,
2009), but little is known about sites of preferential exocytosis in
the dendritic membrane. Time-lapse recordings of 5-HT,;-SEP
show the extent of spatial proximity of 5-HT,;-SEP exocytotic
events (Fig. 5F). We detected that 78 = 3% (mean * SEM) of
recorded exocytotic events in each neuron correspond to regions
of repeated exocytosis, indicating a probable recognition mech-
anism at these sites for vesicles containing 5-HT ;.

To determine whether gephyrin indicates a preferential site of
5-HT,; exocytosis, we expressed fluorescent RFP-gephyrin to-
gether with 5-HT,,-SEP. The representative images show both
RFP-gephyrin expression and regions of preferential exocytosis
(Fig. 5G). We found that 45 * 6% (mean * SEM) of preferential
sites of 5-HT, -SEP recruitment overlap with gephyrin clusters.
Nearest-neighbor distance analysis revealed that preferential re-
cruitment sites are 1.00 = 0.17 wm (median = SEM) from the
closest gephyrin cluster (Fig. 5H). Proximity to excitatory syn-
apses was not estimated as exocytosis was not detected in spines
or protrusions from the dendrite shaft.

5-HT), diffuses in the plasma membrane to

inhibitory synapses

Since 5-HT are frequently recruited to the extrasynaptic mem-
brane, synaptic integration requires trafficking of the receptors to
sites of synaptic activity. To monitor receptor trafficking dynam-
ics in the dendritic membrane, we labeled 5-HT, ; with quantum
dots and tracked individual receptor molecules with high tempo-
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Figure 6.  The lateral diffusion of 5-HT, is slowed at synapses. A, Dendrite trace of cultured neuron transfected with 5-HT, -SEP (not shown) and gephyrin (red) and PSD-95 (green). A single

5-HT, g trajectory is shown with a solid white line. Scale bar, 2 um. B, Isolated trajectory from A with the associated inhibitory synaptic region outlined as a circle. The trajectory within the synaptic
cluster s in red. €, MSD curves calculated from extrasynaptic (blue) and inhibitory synaptic (red) regions of the trajectory shown in A and B. 5-HT,; movement is restricted in the inhibitory synaptic
region. The initial diffusion coefficient, D, is calculated by fitting a straight line to points 2 through 5 (interval, 50 200 ms) of the MSD curve. D, Additional dendrite trace and individual 5-HT,
trajectory (asin A). E, Isolated trajectory from D with an associated excitatory synaptic region (as in B). F, Extrasynaptic (blue) and excitatory synaptic (green) MSD curves from the trajectory in Dand
E, calculated as described for €. G, Average MSD curves for all experimental trajectories in extrasynaptic membrane and synaptic regions. MSD curves from inhibitory and excitatory synaptic regions
reveal more restricted movement, as inferred from the increased negative deflection from the initial slope of the MSD curve. H, Cumulative frequency distribution plots of average initial diffusion
coefficients of extrasynaptic membrane and synaptic regions. /, Boxplot of average initial diffusion coefficients for extrasynaptic membrane and synaptic regions. ***p < 0.001.

ral resolution (50 ms) and spatial resolution (<15 nm) (Dahan et
al.,2003; Renner et al., 2009). SPT of 5-HT, ; reinforced the FRAP
results that demonstrate lateral diffusion of receptors in the den-
dritic membrane. Measurements of 5-HT, ; diffusion within dif-
ferent compartments of the dendritic membrane were achieved
by simultaneously labeling inhibitory and excitatory synapses
with fluorescent gephyrin and PSD-95, respectively. We found
that 5-HT,j is in lateral diffusion in extrasynaptic and synaptic
membrane. MSD curves of individual recordings reveal a shift
from free diffusion in the extrasynaptic membrane to a more
confined motion and reduced diffusion in both inhibitory and
excitatory synaptic regions (Fig. 6A—F). Average MSD curves
from all recordings also describe two distinct modes of charac-
teristic motion. In the extrasynaptic membrane, 5-HT, move-
ment closely resembles free diffusion, whereas reduced diffusion
and confinement is seen in synaptic regions (Fig. 6G). From MSD
curves we can also estimate receptor diffusion coefficients within
each membrane region (Fig. 6 H,I). 5-HT,y explored the extra-

synaptic membrane with an initial diffusion constant of 4.6 *
0.2 X 10 "*um?/s (median = SEM). At the inhibitory and excit-
atory synaptic membranes, the diffusion coefficient was reduced
to 2.7 * 0.4 X 10 *um?/s and 2.3 *= 0.3 X 10 *um?/s (me-
dian = SEM), respectively.

Discussion

Trafficking of postsynaptic receptors is a means of regulating
synaptic function in the dendrites, yet the details of delivery pro-
cesses are not well explored. In this study, we present two general
pathways for receptor transport to synaptic sites in the dendrite.
Six of the seven GPCRs examined notably preferred passive dif-
fusion from the cell body to the dendrite branches. This energy
efficient transport via the plasma membrane is likely shared by
most postsynaptic GPCRs. An alternate pathway, as seen with
5-HT,, retains receptors in transport vesicles. At the cost of
expending energy on active transport, 5-HT; is maintained as a
readily accessible source of mobile receptors for rapid exocytotic
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recruitment to the membrane throughout the dendrites. Though
unique among the receptors included in our study, this active
trafficking pathway may be used by yet unexamined receptors.

Previous postsynaptic GPCR studies describing intracellular
trafficking are mostly limited to receptor recycling or constitutive
transport of nascent proteins in cell lines or neuron cell bodies
(Arttamangkul et al., 2008; Schmid et al., 2008; Yu et al., 2009;
Fichter et al., 2010). The present results describe a noncanonical
transport pathway for 5-HT, 5 that differs from all other receptors
examined in this study. Additional GPCRs well described by non-
constitutive trafficking in dendrites include the GABA}, and opi-
oid receptors. GABA; monomers are retained in the endoplasmic
reticulum in dendrites and require oligomerization before mem-
brane delivery (Ramirez et al., 2009). Localization studies of delta
opioid receptors in dendrites also demonstrate endoplasmic re-
ticulum retention, possibly regulated by receptor folding (Wang
and Pickel, 2001; Morinville et al., 2003) and transport in dense
core vesicles (Wang et al., 2010). However, it remains to be seen
whether these receptors are transported long distances from the
soma to dendrites as shown here with 5-HT ;.

Our results show that vesicles carrying 5-HT,  throughout
the dendrites do not colocalize with synaptic sites. However,
immunoprecipitation between 5-HT, and gephyrin, but not
with PSD-95 or Homer, does suggests involvement in inhibi-
tory signaling in the postsynaptic membrane, consistent with
the inhibitory role of presynaptic 5-HT, autoreceptors and
heteroreceptors in axons (Sari, 2004). These results also sug-
gest that the interaction with gephyrin occurs in the postsyn-
aptic membrane, similar to reports of other postsynaptic
receptors interacting with synaptic scaffold molecules (Cala-
mai etal., 2009). Though we have yet to identify an interacting
protein at excitatory synapses, our single molecule diffusion
data demonstrates that 5-HT, are slowed both at inhibi-
tory and excitatory synapses, each a potential site of 5-HT
neurotransmission.

To study the process by which vesicular 5-HT,  are delivered
to the membrane, we expressed SEP-labeled receptors. SEP has
previously been used to assess the exocytosis of recycled receptors
by measuring fluorescence accumulation over long time periods
(Makino and Malinow, 2009; Petrini et al., 2009) and resolving
single exocytotic events that suggest membrane incorporation
(Yudowski et al., 2006). Using two-dimensional intensity analy-
sis, we demonstrate a lateral spread of multiple receptors from the
exocytotic site to the surrounding membrane. This observation
supports the notion that each vesicle delivers multiple 5-HT,;
copies to the membrane. As described for other receptor types
(e.g., AMPA receptors) (Makino and Malinow, 2009), 5-HT,
exocytose in close proximity to inhibitory synaptic sites and are
dependent on lateral diffusion for delivery to the signaling plat-
form at the synapse. Nearly all recorded exocytotic events oc-
curred in dendrite branches, not in protruding spines where
excitatory synapses are located.

Recruitment of nascent 5-HT,z was indistinguishable from
exocytosis of recycling vesicles. We can postulate, based on the
considerable overlap with Golgi-derived secretory vesicle acces-
sory proteins compared with the reduced overlap with recycling
vesicle markers, that a bulk of the recruitment events occur with
nascent, nonrecycled receptors. Many cell-line studies have dem-
onstrated that 5-HT;; can be regulated via internalization
(Janoshazi etal., 2007; Chen etal., 2009), and we suggest here that
5-HT, can be internalized in dendrites, but no clear description
of 5-HT,  exocytosis via recycling processes in dendrites has been
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presented. It remains to be shown the extent that recycling con-
tributes to the diffusing pool in the dendritic plasma membrane.

Importantly, the details of 5-HT; trafficking set this receptor
apart from many other postsynaptic GPCRs involved in neuro-
psychiatric disorders. The vesicle trafficking described here dis-
tinguishes 5-HT,  from 5-HT, , and 5-HT,, all of which are 5-HT
receptors implicated in mood disorders (Navinés et al., 2008;
Warner-Schmidt et al., 2009). Dysfunctional 5-HT regulation is a
major cause of depression (Meltzer, 1989), and in many cases,
treatment with selective serotonin reuptake inhibitors (SSRIs) is
used as an efficient antidepressive therapy. However, there are
cases where SSRIs are inefficient or should not be used. These
cases include very severe depression or with adolescent patients,
where SSRIs are known to cause severe side effects (Scahill et al.,
2005). A probable cause of such side effects is the indiscriminate
activation of all 5-HT receptors at the synapse. This detailed de-
scription of the 5-HT distribution and anterograde trafficking
opens a new avenue for a receptor-specific regulation of 5-HT
signaling.
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